In Drosophila melanogaster, microchaetes (small bristles) are regularly spaced and form five straight rows in the acrostichal region of the adult notum. Microchaetes develop from sensory organ precursors that arise as single, evenly-spaced cells during pupal development. In this article we address the question of how the precursor cells remain aligned throughout pupal development, in spite of continued division of the intervening epidermal cells. Using in vivo imaging we show that bristle precursors move about continuously throughout development, covering distances of up to one or two cell diameters. During this process, they remain aligned in wild-type flies, suggesting that the movement may be regulated. Flies mutant for scabrous (sca) have a disorganised pattern of bristles with little or no alignment. In vivo observations of sca mutants indicated that the precursor cells move around more than in the wild type, but that, in spite of this the precursor cells and resulting bristles never become well aligned. They appear to follow a more complex path, suggesting that the movement is not coordinated. Moreover, analysis of the alignment of precursor cells in vivo in wild-type and sca mutant flies indicate that mutant animals are not able to maintain the pattern of precursor cells during development. Analysis of mosaic flies confirmed the time-lapse observations and showed furthermore that bristles preferentially move towards high levels of Scabrous. We suggest that, by altering the properties of epithelial cells in a graded fashion, Scabrous may provide cues that allow the precursors to remain evenly spaced after they have segregated. q
Introduction
Patterns composed of regularly spaced sensory organs are frequently found among animals. The bristles on the notum of the fly Drosophila melanogaster are regularly spaced and, in addition, the microchaetes, or small bristles, on the acrostichal region are aligned into five straight longitudinal rows (Usui and Kimura, 1993) . The mechanism by which single sensory cell precursors are selected in a spaced pattern is well documented (Campuzano and Modolell, 1992; Eddison et al., 2000) . In contrast, nothing is known about how the bristle precursors come to be aligned, nor how the very precise spacing and alignment is maintained throughout larval and pupal development until differentiation.
Microchaete precursors emerge from five consecutive parallel stripes of expression of the achaete/scute genes, which predetermine the future acrostichal bristle rows (Parks and Muskavitch, 1993; Sato et al., 1999; Simpson et al., 1999) . Each stripe defines a proneural domain from which evenly spaced precursor cells will segregate by means of Notch-mediated lateral signalling (Cubas et al., 1991; Heitzler and Simpson, 1991; Skeath and Carroll, 1991) . Initially, all cells are equivalent and express the ligand, Delta, the receptor, Notch, and the means to transduce the signal (Kooh et al., 1993) . It is thought that intrinsic fluctuations in the level of expression of Notch and Delta are amplified by a retro-regulatory loop (Heitzler and Simpson, 1991; Seydoux and Greenwald, 1989; Simpson, 1997) . Activation of the Notch receptor by the membrane-bound ligand Delta (Kopczynski et al., 1988; Shimizu et al., 2002) , leads to down regulation of achaete and scute, whose products in turn activate the expression of Delta. This process ensures that single, spaced cells will express a high level of Delta and prevent adjacent cells from adopting a neural fate.
The division of intervening epidermal cells continues between 14 and 18 h after pupariation, after the emergence of sensory organ precursors (Usui, 1993) . At the end of this process the future bristles are separated by a larger number of intervening epidermal cells (about five) than at the time of their emergence (about two cells). It seems unlikely that cell division can be regulated with sufficient precision to ensure perfect spacing between precursors (Baonza and Garcia-Bellido, 2000) . This suggests the existence of another mechanism to maintain the precise spacing and alignment of the microchaete sensory precursors in the five rows, which is the question addressed here.
Studies from the 1970s suggested that, late in development, the bristle organs might be able to move relative to the surrounding epidermal cells (Garcia-Bellido and Merriam, 1971; Lawrence et al., 1979) . We have explored the possible contribution of such movements to the final spaced pattern. We demonstrate that sensory precursor cells undergo continuous displacement throughout pupal development. We suggest that these movements are important for the proper alignment of microchaetes. In addition, we have investigated the role of scabrous in this process. Recent results indicated a possible role of scabrous in the alignment of bristles into rows. Flies mutant for scabrous display, in addition to a higher density of bristles, an uneven distribution in which the bristle rows are not apparent Renaud and Simpson, 2001) . Scabrous encodes a secreted protein and is known to be regulated by AchaeteScute and to be expressed in bristle precursors (Hu et al., 1995; Lee et al., 1996; Mlodzik et al., 1990 ). Scabrous acts non-autonomously and modulates the adhesive properties of epidermal cells surrounding the bristle precursor (Renaud and Simpson, 2001 ). Here, we uncover a novel role for scabrous in the orientation of the movement: precursor cells appear to move towards high levels of Scabrous, and, we suggest that precursors cells may be passively displaced by the differing affinities between epidermal cells.
Materials and methods

Fly strains
The wild-type stock was Oregon-R. For a description of mutants and inserts employed see Lindsley and Zimm (1992) and FlyBase (1999) . The GAL4/UAS technique (Brand and Perrimon, 1993 ) was used to obtain ectopic gene expression. The following lines were used: neuralised-GAL4 (Jhaveri et al., 2000; Venugopala Reddy et al., 1999) , sca BP2 ; neuralised-GAL4, pnr MD237 -GAL4 (Calleja et al., 1996) , Ubi-DEcadherin-GFP (a gift from F. Schweisguth), UAS-GFP (Brand and Perrimon, 1993) , neuralised-GAL4, UAS-GFP, sca BP2 ; UAS-GFP, UAS-CADH intra,3 (Sanson et al., 1996) , hairy 1 (Ingham et al., 1985) , extramacrochaete P5C (Garrell and Modolell, 1990) , extramacrochaete Pel (Skeath and Carroll, 1991) and In(1)Hairywing 49c /FM7c (Calleja et al., 1996; Cubas and Modolell, 1992; Mazina et al., 1991) . The UAS-GFP used gives nuclear fluorescence with weaker label in the cytoplasm.
Flies were raised on standard medium and maintained at 258C.
Production of mosaic animals
Mutant clones were produced by mitotic recombination induced by the FLP/FRT method (Golic, 1991; Golic and Lindquist, 1989; Xu and Rubin, 1993) . Twenty-four-hour egg collections were made and larvae were heat-shocked (1 h, 378C) between 48 and 72 h after egg laying. Clones were marked with pawn (pwn) which labels bristles and epidermal cells. For a description of these markers see Lindsley and Zimm (1992 
Cuticle preparation
For examination of cuticles, nota of adult flies were dissected, dehydrated and mounted in Euparal (Usui and Kimura, 1993) .
Immunohistochemistry
White prepuae were collected and left at 258C in a moist chamber. Age is given in hours after puparium formation (APF). Staged pupae were dissected and stained as described previously . Primary antibodies used in this study were mouse monoclonal supernatant against Achaete (1:40 dilution; DSHB; Skeath and Carroll, 1991) , rabbit antibody against b-galactosidase (Cappel). Secondary antibodies coupled with Alexa Fluor (Molecular Probes) were used at 1:400. Nota were mounted in mowiol and observed by using a confocal microscope (Leica).
Time-lapse observations of pupae
Pupae taken after head eversion, at more than 12 h APF (after puparium formation) were placed on double-sided tape on a microscope slide. The pupal case present over the notal part was carefully removed. Then a drop of halocarbon oil was placed onto the notum. A cover-slip raised with BluTack w was placed on top to allow maximum adherence to the notal epithelium. The pupae were observed under a confocal microscope (40 £ or 63 £ oil immersion lenses) in a moisturised chamber at 258C. Pupae were recorded for about 10 h. Flies used for the analysis were still alive after the experiment. Images were taken every 30 min using the TCS SP2 software from Leica. Pictures were then processed using Leica software and Adobe Illustrator.
Quantitative and statistical analysis
The distribution of microchaetes was examined under a microscope and recorded for each fly. Data from males and females were found to be similar and were pooled. The number of bristles varied from fly to fly, but within a range characteristic for each genotype. Drawings were made of each clone in mosaic flies using a camera lucida. Data from independent experiments were compared using a Student's t-test. Tests of significance were performed using a paired, two-tailed, t-test. A chi-square test was used to compare the movement of bristles in clones. Results were considered significant when a P value of 0.05 or less was returned.
The position of each sensory organ precursor (SOP) or epidermal cell was plotted onto a single frame using Adobe Illustrator. In the case of the SOP, the centre of the nucleus was used as a reference point; analysis of several SOPs at different time points show a correlation between nucleus movement along the xy-axis and the movement of the whole cell. If the precursor had already divided, the point halfway between the two nuclei was used. The distance between two positions, as well as the total distance covered by a precursor was measured under higher magnification using the ruler function of the software.
Results
3.
1. In vivo imaging of sensory organ precursor movement during pupal development in wild-type flies Sensory organ precursors (SOP) were monitored in vivo during pupal development in a neuralised-GAL4, UAS-GFP strain. The neuralised-GAL4 driver was used as a marker for the precursors: neuralised is expressed very early, exclusively in the SOP and not in epidermal cells. We observed that SOPs emerge sequentially in rows as previously described in Usui and Kimura (1993) . Rows 1 and 5 emerge first, then row 3 appears in between, and finally rows 2 and 4 are intercalated between rows 1/3 and 3/5 (Fig. 1A,B) . We found that within any particular row, the time of formation of individual SOPs is quite variable and that they do not appear to arise in any particular order. Furthermore, some SOPs arise quite late, particularly in rows 2 and 4. The SOPs of each row are aligned from the beginning and they remain aligned throughout pupal development during which time the epidermal cells undergo further division (from 14 to 18 h after puparium formation (APF); Usui, 1993) . Pupae used for the time-lapse experiment develop normally and so the resulting imagos were collected and the nota mounted. We were thus able to determine the final position of each bristle Fig. 1 . In vivo imaging of bristle precursor movement during pupal development of the wild type. The right heminotum of the same animal is shown at 14 and 21.5 h after pupariation (A and B, respectively) and in the adult fly (D). GFP expression (green) in the precursors was followed in vivo during pupal development from 14 to 21.5 h after pupariation (A and B). The position of each precursor was plotted every 30 min onto the same drawing, (C), using a different colour combination. Each precursor was attributed a number that is indicated in (B) for the precursors and in (D) for the resulting bristles. In (A) it can be seen that rows 1 and 3 start appearing at 14 h followed by intercalation of rows 2 and 4 (B). Row 5 is outside the microscope field. The position of the socket of each bristle is indicated by a red circle in (D) . The large open circle indicates a macrochaete. In panel (B) we can see GFP expression in muscle.
that had been monitored during development (Fig. 1B,D) . Note that the spacing between microchaetes is maintained both within and between the rows, indicating that the bristles have remained within their respective rows. Thus the pattern is maintained throughout development until the adult stage, suggesting the existence of a mechanism to maintain the alignment.
We followed GFP expression and SOP movement from 13 to 24 h APF ( Fig. 1A ,B; see Section 2). Movement probably continues after this point, up to about 36 h APF, when the adult cuticle starts to be secreted which probably impedes further movement (Hartenstein and Posakony, 1989) . The x/y position of the microscope stage was not modified during data collection from each pupa. We observed very little movement of the pupae and any movement during the course of the experiment was easily detectable (for example by a picture shift during stack acquisition). Body movements are only seen up to 13 h APF and then not again until at least 24 h APF. Most of the thoracic muscles of the larva are histolysed between 2-3 and 8 h APF and those of the abdomen between 12 and 13 h APF (Crossley, 1978; Currie and Bate, 1991; Fernandes et al., 1991) . Adult thoracic muscles do not become functional until about 60 h APF and abdominal muscles at 36 h APF (Bate, 1993; Currie and Bate, 1991; Kimura et al., 1994; Usui-Ishihara et al., 2000) .
The position of each precursor was plotted onto the same drawing every 30 min using different colour combinations (Fig. 1C) . To quantify the distance of displacement of a SOP between 13 h and before its first division, we measured the shortest distance between the position of a SOP at the beginning and the end of the experiment. The average distance observed was 5.15^0.27 mm (n ¼ 178), and the maximum distance was 19.8 mm. The average diameter of an epidermal cell is 11.71^0.36 mm (n ¼ 26). This was calculated by measuring the length and width of cells in live preparations at 14 h APF, before division of either the epidermis or the SOP, and was performed in neu-GAL4, UAS-GFP/Ubi-DE-Cadherin-GFP flies (which labels cell membranes). At this stage, SOPs are separated by about two epidermal cells (this increases to between 4 and 5 by the end of the development), so a displacement of the SOP of one cell diameter or more is more than sufficient to modify the alignment of the final pattern. Measuring the initial and final positions of a precursor, however, does not provide a measure of the actual physical distance covered, since the precursors do not move in a straight line but appear to constantly shuffle around within a small area (Fig. 1C) . Indeed we have noted that no SOP remains completely stationary. We measured the total distance travelled between 14 h APF and 21.5 h APF for 28 SOPs. This was done by adding together each of the distances covered between all of the time points (i.e. every 30 min). The average distance travelled was found to be 18.42^0.84 mm (n ¼ 28). This result indicates that SOPs are able to move much more than one cell diameter.
We also analysed the direction of movement, but could not see any preferential orientation with respect to physical co-ordinates. The speed of the movement was determined at two time points: between 14 and 14.5 h APF (0.09^0.013 mm/min, n ¼ 26) and between 16.5 and 17 h APF (0.1^0.008 mm/min, n ¼ 36). There is no significant difference between these two measurements suggesting that the speed of movement is regular, even after SOP division (the first division occurs at about 14 h APF).
As a control, we measured the movement of the epidermal cells using neu-GAL4, UAS-GFP/Ubi-DE-Cadherin-GFP Fig. 3 . Expression pattern of Achaete in scabrous mutant pupa. AntiAchaete staining (green) of a pupa at 7.5 h APF in neu A101 (A); and sca BP2 ; neu A101 animals (B). At this stage, Achaete is expressed in five longitudinal stripes (arrowhead). Double staining, using neu A101 , as a marker for bristle precursors, showed that microchaete precursors are not yet present at this stage (data not shown). We could not detect any differences in Achaete staining between wild-type and sca BP2 mutant pupae. flies to ensure that the movement observed is specific to the SOPs. Measurements were carried out using the same experimental procedure. The average distance of displacement observed was 2.04^0.39 mm (n ¼ 20) during the same time window used for imaging neuralised-GAL4, UAS-GFP flies. SOP displacement appears to be more than two times greater than epidermal cell movement (compare 5.15^0.27 mm, n ¼ 178 and 2.04^0.39 mm, n ¼ 20). Distances covered by epidermal cells are always lower than one cell diameter (maximum distance observed for epidermal cells is 5.03 mm). Furthermore, the total physical distance travelled by epidermal cells between 14 and 21.5 h APF (2.89^0.39 mm, n ¼ 18) appear to be just slightly higher than the distance measured between the initial and the final position of a given epidermal cell. This result indicates that epidermal cells do not travel much, consistent with their epithelial nature, and also that epidermal cell position is quite fixed (also seen during time-lapse, not shown). The speed of displacement of epidermal cells is seen to be very low (0.039^0.007 mm/min, n ¼ 17). We observed no relationship between SOP movement and displacement of the neighbouring epidermal cells, suggesting that SOPs are not simply pushed away by epidermal cell displacement. In addition, epidermal cell displacement is very limited and could not explain the distances measured for SOP movement.
These results indicate that the movement of SOPs observed during the time-lapse experiment is not due to an experimental artefact (i.e. epidermal cells do not show a similar behaviour). Alone, SOPs are able to travel distances greater than one cell diameter. Throughout development SOPs remain evenly spaced and aligned, suggesting that the movement is regulated.
In vivo imaging of sensory organ precursor movement during pupal development in scabrous mutant flies
The bristles are very disorganised on the notum of scabrous mutants. Homozygous mutant flies display an excess of microchaetes that are poorly, if at all, aligned into rows ( Fig.  2 ; Mlodzik et al., 1990; Renaud and Simpson, 2001) . It has been shown that the five rows of precursors arise from five stripes of achaete-scute expression (Simpson et al., 1999) . We examined scabrous mutant flies for the presence of these stripes, by staining with an antibody against Achaete (Fig. 3) . No difference in Achaete expression was seen between wild type and scabrous mutant pupa just prior to the emergence of bristle precursors. This result indicates that the disorganised pattern observed in adult mutant flies is not due to a mis-expression of achaete-scute when SOPs arise and is consistent with the known regulation of scabrous by Achaete and Scute. The density of microchaetes is higher in scabrous mutant flies and perhaps this feature alone could account for the disruption of the bristle rows. To examine this we looked at flies mutant for hairy (h), extramacrochate (emc) and Hairywing (Hw) which also have a higher density of bristles on the notum (Fig. 4) . In these cases bristles could still be seen to be roughly aligned in spite of the increased density (Fig. 4I-L) . Thus rows appear to be specifically disrupted in scabrous mutant flies (Figs. 2 and 4B,H) . This result suggests that the function of scabrous is required for spacing and alignment.
Using the approach described above, we monitored the formation and development of SOPs in vivo during pupal development from 13 to 24 h APF in scabrous mutant flies, using the combination neuralised-Gal4, UAS-GFP as a marker (Fig. 5A,B) . A number of differences were noted between mutant and wild-type flies. From early time points on, the SOPs are poorly aligned. They emerge in greater numbers and earlier than in the wild type. This has also been observed for the larval sense organs in Notch mutants (Goriely et al., 1991) . The order of appearance of the rows (1 and 5, then 3, then 2 and 4) is less strict than in the wild type, although rows 1 and 5 do seem to appear first. The only row that displays, more or less, a correct initial alignment is row 1, which is closest to the midline. The disorganised nature of the SOP pattern is never resolved during pupal development and becomes progressively more chaotic.
We plotted the position of each SOP onto the same drawing every 30 min using the same colour scheme (Fig. 5C ). The first observation is that SOPs are perfectly able to move in a scabrous null mutant. As in the wild type, the precursors move around constantly. The average distance covered, when the initial and final points are compared, was found to be 3.22^0.20 mm (n ¼ 193). The greatest distance measured was 12.7 mm. These distances are smaller than those observed in wild-type animals, but, as before, they do not reflect the total distance covered since the SOPs follow a roundabout path. The total distance travelled by a SOP (obtained by adding together all distances measured between each pair of data points) between 14 and 21.5 h APF was found to be higher than in the wild type (24.09^1.25 mm, n ¼ 35). This result demonstrates that in scabrous mutants the bristle precursors move around even more.
Thus, although the SOPs move around more in scabrous mutant than in wild-type flies, the actual distance between the beginning and end positions of a SOP was considerably smaller. This suggests that they may follow a more complex, roundabout path. In order to verify this, drawings were made of the path of each SOP by joining the points occupied at each recording made between 14 and 21.5 h APF. We then divided the resulting drawings into two categories, those in which the path travelled crossed back over itself at least once, and those in which it did not. Nearly half of the scabrous mutant SOPs (43.5^5.4%, n ¼ 108), but only a quarter of wild-type SOPs (24.8^1.7%, n ¼ 121) fell into the former category. Thus SOPs appear to follow a more complex path in the mutant.
Therefore, while SOP movement may be oriented in the wild type (the small movements may be in response to the proximity of neighbouring precursors, a feature that will vary with time and place), movement appears to be random in scabrous mutants. Indeed, in spite of their constant movement, the bristles in scabrous mutants do not end up in a regularly spaced pattern (Fig. 5A-D) . The example of row 1 is striking. At 14 h APF the SOPs in row 1 are almost aligned, but by 21.5 h APF they are much more disorganised (see arrow, Fig. 5A-C) . Row 3, which forms by intercalation between rows 1 and 5, appears to be wider than normal and very disorganised in scabrous mutant flies. Thus from the beginning of precursor segregation in this row, the alignment of bristles is impaired. We conclude that SOPs form in a disorganised manner in scabrous mutants and that this disorganisation is amplified in the course of notum development. Fig. 6 . Analysis of the alignment of SOPs during development in wild-type and sca BP2 flies. Alignment of SOPs was studied by analysing in vivo three consecutive precursors in a row, and measuring the shortest distance (d) between the precursor situated in the middle and a straight line connecting the two flanking precursors (A). This distance has been calculated at 14, 17.5 and 21.5 h APF in wild type (WT) and in scabrous mutant flies (B) using SOPs in row 1. Note that at 14 h APF, no significant differences are observed between wild type and mutant flies, whereas at later stages the alignment becomes more and more chaotic in scabrous animals. Differences in alignment between wild type and scabrous mutant flies are even bigger in row 3 (wild type animals return a distance of 2.4^0.55 mm (n ¼ 11) versus 7.53^0.92 mm (n ¼ 15) in sca BP2 animals at 17.5 h APF).
We also analysed the direction of movement and, as in wildtype flies, we did not detect any preferential orientation in scabrous mutants. The speed of SOP movement in scabrous mutants was found to be similar to that in the wild type: 0.07^0.005 mm/min (n ¼ 68) between 14 and 14.5 h APF, and 0.08^0.009 mm/min (n ¼ 36) between 16.5 and 17 h APF (n ¼ 36).
It is worth mentioning that after division of the SOP, movement of the daughter cells continues. In scabrous mutants, daughter cells are frequently seen to move apart (not shown), (which may explain the abnormal differentiation of the sensory organ in sca BP2 flies; Renaud and Simpson, 2001 ). Movement of SOPs probably continues up until differentiation, because the pattern of adult bristles is slightly different to that observed at 21.5 h APF (compare Fig. 5C,D) .
Movement and SOP patterning
In wild type flies, SOPs remain aligned during development in spite of their continuous movement. In the case of scabrous mutant flies bristle alignment is disrupted (Fig. 2) . We determined the degree to which bristle alignment is impaired, by quantifying the alignment of SOPs during development. For this, the alignment of three consecutive SOPs in row 1 was analysed at different time points during development (Fig.  6A) . A straight line was drawn between two SOPs on either side of a third middle one, and the shortest distance from the straight line and the middle SOP was calculated. Using this method, we quantified the relative alignment between SOPs (Fig. 6B) ; a distance of 0 represents a perfect alignment of SOPs and a higher distance represents a poor alignment. In the case of wild type flies, this distance is 1.6^0.34 mm (n ¼ 15) at 14 h APF, 1.75^0.32 mm (n ¼ 15) at 17.5 h APF and 1.79^0.54 mm (n ¼ 7) at 21.5 h APF. No significant variation of the distance is observed. These results indicate that in wild type animals SOPs stay aligned during development, suggesting that the observed displacement of SOPs does not impair the alignment and may possibly be involved in its maintenance. We performed the same experiment in scabrous mutant animals and obtained the following measures: 1.94^0.39 mm (n ¼ 15) at 14 h APF, 3.68^0.41 mm (n ¼ 15) at 17.5 h APF and 5.55^0.52 mm (n ¼ 7) at 21.5 h APF. So, interestingly, in sca BP2 animals, the SOPs become less and less well aligned with time (compare the distance at 14 and 21.5 h APF). These results suggest that the process involved in the maintenance of the alignment is impaired in scabrous mutant flies.
Displacement of bristles measured in mosaic nota
Displacement of bristles was also measured on the imaginal cuticle of mosaic flies (Fig. 7) . Movement is indicated . The two blue, and the two red, arrows/figures refer to bristles of the same genotype that can be compared. Note that bristles mutant for scabrous move into wild-type territories more frequently than into mutant territories (compare red figures in (B) and (C)). The frequency of marked bristles outside the clone, and unmarked bristles inside the clone, as a percentage of the total number of displaced bristles is, respectively, 86/14% (n ¼ 44) for scabrous mutant clones in a heterozygous animal, 46/54% (n ¼ 13) for pwn marked clones (wild-type control) and 48/52% (n ¼ 21) for clones marked with pwn in sca BP2 background. It can be seen that there is more bristle movement in the scabrous mosaic than in the controls. No significant difference is observed between the wild-type controls and the marked clones in sca BP2 background but significant differences are observed between scabrous mutant clones and the two controls.
by the presence of unlabelled bristles inside, and labelled bristles outside, clones of cells in which both bristles and epidermal cells are marked. Examination of marked clones in wild-type animals shows that there is rather little movement in the wild type notum: only 13 out of 120 mosaics (10%) displayed a detectable movement of bristles into or outside of the clones (Fig. 7A,B ). This contrasts with the situation in sca BP2 animals, where examination of marked clones indicates increased displacement of bristles: 24% of clones show movement. It is possible that more movement was scored for scabrous mutant flies simply because there is an excess of bristles. However this cannot be the only explanation because there is three times as much movement in scabrous mutants but only 1.4 times as many bristles (Fig. 4 ; Renaud and Simpson, 2001) . Furthermore, clones were generated using the FLP/FRT system under the same conditions so that clone size was comparable from one experiment to another. To verify this, we measured the length of the clone borders using a map measurer (arbitrary units were used). The average lengths of the clone borders for control clones, scabrous mutant clones in a heterozygous background and marked clones in a scabrous mutant background were: 35^3 (n ¼ 15), 39^3, (n ¼ 22) and 35^3 (n ¼ 13), respectively. This result, together with the results from the time-lapse experiment, confirms the time-lapse observations and suggests that the bristle organs display greater movement in the mutant.
We measured the distance of displaced bristles from the clone border in terms of epidermal cell diameters (each epidermal cell secretes a single hair). The average was 1.4^0.15 (n ¼ 11) in the wild-type control, 1.5^0.1 (n ¼ 34) in the sca BP2 mosaic and 1.3^0.14 (n ¼ 21) in the case of marked clones in a sca BP2 background. There is no significant difference between these measures. However, it should be noted that in this experiment, displacement is only detected if the bristles move more than one cell diameter and the earlier experiments showed that most bristles cover smaller distances.
3.5. Bristles mutant for scabrous move preferentially into wild-type scabrous-producing tissue Interestingly, in sca BP2 mosaics, mutant bristles move out of their clones into wild-type territory far more frequently than wild-type bristles move into mutant territory (Fig.  7A,B) . This suggests that bristles may move towards a source of Scabrous. Indeed, when the surrounding tissue is also composed of mutant cells (Fig. 7C) , mutant bristles of the same genotype move out of marked clones much less frequently (Fig. 7C) . Furthermore, a greater proportion of mutant bristles (compared to wild-type ones) are found on the borders between mutant and wild-type territories (73%, n ¼ 234). The percentage of marked bristles on the borders of control, marked mutant clones in a sca BP2 background is 55.5%, (n ¼ 71; the value for wild-type controls was 55.7%, n ¼ 130). This may also reflect movement of mutant bristles towards surrounding wild-type tissue. In addition, wild-type bristles are found less frequently on the borders of sca BP2 clones, than they are on the borders of marked wild-type clones (an average of 2.6 bristles per mutant clone (n ¼ 14) compared to four bristles per wild-type clone (n ¼ 23). This suggests that wild-type bristles tend to stay away from mutant tissue.
3.6. Bristle spacing is disrupted by over-expression of a dominant negative form of DE-cadherin What is the mechanism by which scabrous can regulate SOP movement? It has been shown that Scabrous affects cell adhesion (Renaud and Simpson, 2001 ), so we looked at the bristle pattern on flies over-expressing DE-cadherin, an adhesion molecule located in adherens junctions. Overexpression of wild-type DE-cadherin causes lethality, but over-expression of a dominant negative form of DEcadherin, CADH intra, 3 , on the developing notum (we used a Gal4-pannier driver expressed during development in the acrostichal domain of the notum), causes a decreased bristle density (Renaud and Simpson, 2001; Sanson et al., 1996) . Such flies also display a disorganised pattern in which alignment of the bristles into rows is lost (Figs. 2C,D) . Thus, by interfering with the activity of DE-cadherin, we were able to mimic the disorganised bristle patterns characteristic of scabrous mutants.
Interestingly, over-expression of the dominant negative form of DE-cadherin, CADH intra, 3 using drivers that are only expressed in the precursor cell (sca-GAL4 and neu-GAL4) has no effect on the bristle pattern (not shown). This result indicates that the dominant negative form of DE-cadherin is affecting the epidermal cells and these in turn are preventing bristle alignment, suggesting one mechanism by which SOP movement could be regulated during development.
Discussion
We show that during the development of wild-type flies, bristle precursors and organs move around continuously whereas epidermal cells show almost no movement. SOPs can move up to several cell diameters but do not display any apparent preferred direction. SOPs arise in a fairly well spaced pattern and this is maintained throughout development, in spite of all the movement. We suggest that the constant movement allows SOPs to continuously readjust their positions relative to one another, and this enables them to remain equidistant. The direction of movement would then be determined by the relative distance to each of the surrounding SOPs. Bristle precursors do not arise simultaneously, so earlier-born ones may have to readjust their position as new ones are added (see precursors 22 and 28 in Figs. 1B-D) . Although the distances covered are small, it should be noted that bristles, both within and between rows, are normally separated by only four to five cell diameters. Thus displacement of one cell diameter is sufficient to disrupt the alignment.
In scabrous mutants, the precursors also move around continuously, even more so than in the wild type. However, in this case, in spite of normal expression of ac-sc in stripes and some initial alignment of the precursors (for example row 1 is well aligned with respect to the midline), spacing becomes progressively more chaotic and by the time of differentiation the five rows are not distinguishable (Figs. 5 and 6). So if bristle movement is indeed a means of maintaining regular spacing, it seems that in the absence of Scabrous, SOPs are unable to 'sense' the position of surrounding SOPs and adjust their own position accordingly. They are never found to be adjacent, however, suggesting that other factors than Scabrous, such as Delta (Renaud and Simpson, 2001) , prevent them from moving too close together.
Scabrous has been shown to act non-autonomously. It is expressed in the SOP, but is a secreted protein and functions to alter the adhesive properties of surrounding epidermal cells. In mosaics, bristles mutant for scabrous preferentially move out of mutant territories into surrounding wild-type tissue. This suggests that the mutant bristles move in response to the presence of Sca in the surrounding tissue. If so, Sca could provide directional cues and the SOPs may move to the area of highest concentration. In the wild type, Sca is secreted by the bristle precursor itself and levels would be expected to decrease with distance from this source. The very short half life of Sca (Ellis et al., 1994) would help to maintain these concentration differences. Thus the highest levels of Sca will be in the immediate vicinity of each SOP where and when it forms. Since precursors arise in an evenly spaced pattern, they would never need to move much and would remain near their site of origin within a pool of Sca. This would explain why, in the wild type, precursors generally do not move more than about one cell diameter. Thus, in the wild type, high levels of Sca at the site of origin, would prevent SOPs from moving away from this site and help them to remain in the spaced pattern in which they arise. In contrast, in the mutants, bristles would tend to stray from their site of origin and move around indiscriminately.
One possible mechanism for movement would be that the SOPs are able to detect and measure the levels of Scabrous that they themselves have produced, and then move so as to remain close to the highest levels of this protein. This would be consistent with the fact that Scabrous itself is not required for movement per se, and that mutant SOPs devoid of Scabrous tend to move into wild-type Scabrous-producing tissue in mosaics. However, we favour the alternative hypothesis that bristles are passively displaced due to specific adhesive properties of epidermal cells, since these are the cells that are modified by Sca. It has been shown that Scabrous alters the adhesive nature of epithelial cells. Transmitted electron microscopy of the epithelium of the scabrous pupal notum showed that the organisation of the epithelium is disrupted and that the distribution of DEcadherin, Armadillo and Disc large is altered (Renaud and Simpson, 2001) . If cells adhere more tightly at higher levels of Sca this might prevent bristle displacement. This would account for the fact that the bristles move less in wild-type scabrous-expressing tissue, than in mutant tissue. Overexpression of a dominant negative form of DE-cadherin in the acrostichal domain of the notum also leads to a disruption of the microchaete spacing and alignment, not unlike that seen in scabrous mutants (Fig. 2C,D) . Alignment is not affected when expression is driven exclusively in the precursor cells. This provides strong evidence that levels of adhesion between epithelial cells is a requirement for the regular spacing of bristles. Notch and Dl also affect cell adhesion: cells in culture expressing N adhere to cells expressing Dl (Fehon et al., 1990) . The fact that Sca associates with, and stabilises Notch (Powell et al., 2001) , may be the mechanism by which Sca could regulate the adhesive properties of the surrounding cells.
Our observations uncover a hitherto unrecognised role of SOP movement in the final pattern of evenly distributed bristles. Scabrous may be the crucial factor in this process by regulating indirectly the adhesive properties of the epidermal cells surrounding the SOP. Further details on the epithelial modifications brought about by Sca may clarify these processes.
